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Abstract
The ClpXP protease assembles in a reaction in which an ATP-bound ring hexamer of ClpX binds 
to one or both heptameric rings of the ClpP peptidase. Contacts between ClpX IGF-loops and 
clefts on a ClpP ring stabilize the complex. How ClpXP stability is maintained during the ATP-
hydrolysis cycle that powers mechanical unfolding and translocation of protein substrates is poorly 
understood. Here, we use a real-time kinetic assay to monitor the effects of nucleotides on the 
assembly and disassembly of ClpXP. When ATP is present, complexes containing single-chain 
ClpX assemble via an intermediate and remain intact until transferred into buffers containing ADP 
or no nucleotide. ATP binding to high-affinity subunits of the ClpX hexamer prevents rapid 
dissociation but additional subunits must be occupied to promote assembly. Small-molecule 
acyldepsipeptides, which compete with the IGF loops of ClpX for ClpP-cleft binding, cause 
exceptionally rapid dissociation of otherwise stable ClpXP complexes, suggesting that the IGF-
loop interactions with ClpP must be highly dynamic. Our results indicate that the ClpX hexamer 
spends almost no time in an ATP-free state during the ATPase cycle, allowing highly processive 
degradation of protein substrates.
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The ATP-powered ClpXP protease consists of the AAA+ ClpX hexamer and the ClpP 
peptidase, which contains two heptameric rings.1 ClpX can bind one or both heptameric 
faces of ClpP, recognizes specific protein substrates via ssrA tags or other peptide degrons, 
and uses the energy of ATP hydrolysis to unfold and translocate substrates through an axial 
channel and into the degradation chamber of ClpP (Figure 1a). ClpX binding to ClpP 
requires ATP or ATPγS, a slowly hydrolyzed ATP analog, but is not observed in the absence 
of nucleotide or in the presence of ADP.2–5 However, the role of ATP in stabilizing ClpXP 
complexes is poorly characterized. Moreover, the kinetics of ClpXP assembly and 
disassembly have not been carefully studied, in part because established binding assays rely 
on changes in ClpX or ClpP activity, require the continual presence of ATP/ATPγS, and/or 
are poorly suited for measuring rapid changes in assembly state.
ClpX hexamers dissociate at low concentrations, an event that is also nucleotide dependent,2 
potentially complicating studies of ClpP binding. However, ClpX subunits lacking the N 
domain (ClpXΔN) can be linked using genetically encoded tethers, and single-chain ClpXΔN 
pseudohexamers retain wild-type levels of mechanical activity, as shown by their ability to 
collaborate with ClpP in degradation of ssrA-tagged substrates.6 Pseudohexamer variants 
have been used to assess the number of active subunits needed for function, to show that 
mechanical activity requires subunit switching from ATP-binding to non-binding 
conformations, to establish that pore loops cooperatively grip substrates, to determine 
subunit-specific ATP affinities, and to visualize single-molecule unfolding and translocation 
in optical-trapping experiments.6–15
Most stabilization of ClpXP complexes arises from contacts between hydrophobic clefts on 
the periphery of the heptameric ClpP ring and flexible loops in the ClpX hexamer that 
contain an IGF or related tripeptide sequence (Figure 1a,b).5,16–18 Contacts between axial 
pore-2 loops in ClpX and stem-loop structures in ClpP also contribute to ClpXP stability,16 
but elimination of these axial interactions impairs binding less than deletion of a single IGF 
loop from the ClpX hexamer.16 Interestingly, small-molecule acyldepsipeptides, such as 
ADEP-2B, also bind to the ClpP clefts, mimicking IGF-loop binding (Figure 1c).19–21 
ADEPs have antibacterial activity because they open the axial ClpP pore, causing 
indiscriminate degradation of unstructured proteins.22–23
Fiber-optic biosensors and bio-layer interferometry (BLI) can be used for real-time assays of 
macromolecular interactions, as the signal is sensitive to changes in mass on the biosensor 
surface.24 Here, we use this method to examine how nucleotides and ADEPs affect the 
kinetics of ClpP binding to single-chain ClpX pseudohexamers, eliminating potential 
complications caused by hexamer dissociation. Our results show that the ATP requirements 
for assembly and maintenance of complex stability differ, suggest that IGF-loop interactions 
with ClpP are highly dynamic under conditions where the complex is extremely stable, and 
support a model in which the ClpX hexamer spends very little time in an ATP-free state, 
facilitating highly processive protein degradation.
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RESULTS AND DISCUSSION
Assembly requires ATP binding
We used BLI to probe binding of an Escherichia coli ClpP variant to a ClpX pseudohexamer 
immobilized on a streptavidin-coated biosensor. The pseudohexamer consisted of E. coli 
ClpXΔN subunits covalently connected by six-residue peptide tethers with a biotin near the 
C-terminus (sc6ClpXΔN-bio; Figure 1d). Single-chain ClpXΔN supports ClpP-dependent 
degradation of ssrA-tagged protein substrates in solution and when immobilized to a 
streptavidin surface.6,7,10–15,25,26 In a typical BLI experiment, the biosensor was 
sequentially loaded with sc6ClpXΔN-bio, transferred into ATP, moved into ATP and ClpP to 
allow binding, and finally transferred into ClpP-free buffer with ATP to allow dissociation 
(Figure 2a). In this experiment, ClpP binding to sc6ClpXΔN-bio saturated after ~30 s, but no 
dissociation was observed over several minutes. ClpP bound to sc6ClpXΔN-bio with similar 
kinetics in the presence of ATP or ATPγS (Figure 2b). Because ClpX hydrolyzes ATP ~20-
times faster than ATPγS,4 binding of these nucleotides rather than their hydrolysis rates 
must determine the ClpXP assembly rate. ClpP did not bind sc6ClpXΔN-bio in the presence 
of ADP or without nucleotide (Figure 2b).
We performed association experiments using ATP and different ClpP concentrations. 
Binding trajectories at low ClpP concentrations fit well to a single exponential, as expected 
for a pseudo first-order reaction, whereas a double exponential was needed to fit trajectories 
for ClpP concentrations ≥ 500 nM (see Figure 2c for examples). For ClpP concentrations ≤ 
200 nM, the rate constants (kobs) from single-exponential fits varied linearly with ClpP 
concentration (Figure 2d), with a slope that corresponds to the association rate constant 
(6.6•105 M−1s−1). The two rate constants from the double-exponential fits varied in a 
hyperbolic fashion between 0.5 and 20 μM ClpP (Figure 2e), suggesting that a unimolecular 
reaction becomes rate-limiting in ClpXP assembly at high ClpP concentrations. The shift 
from single- to double-exponential assembly kinetics at high ClpP concentrations is 
consistent with a model in which ClpX species with different ClpP-binding properties 
interconvert.
We measured binding of 200 nM ClpP to sc6ClpXΔN-bio at different ATP concentrations, 
determined kobs, plotted normalized values against [ATP], and fit these data to the Hill 
equation (Figure 3a). Assembly proceeded at half the maximal rate at an ATP concentration 
of ~100 μM with a Hill constant (n) of 2.1. The steady-state rate of ATP hydrolysis in the 
absence of ClpP was half-maximal at an ATP concentration of 42 μM (Vmax = 73 min−1 
enz−1; n = 2.4). Thus, ~2-fold higher ATP is required for half-maximal association than for 
half-maximal hydrolysis (Figure 3a). This result could mean that an additional molecule of 
ATP must bind to a hydrolytically active ClpX hexamer to promote ClpP binding. 
Alternatively, ClpP-binding and non-binding subpopulations of ClpX hexamers may 
equilibrate, with the binding conformation having slightly weaker affinity for ATP. This 
model seems less likely, as KM for ATP hydrolysis by sc6ClpXΔN-bio in the presence of 
excess ClpP was 29 μM (Vmax = 41 min−1 enz−1; n = 2.2), in agreement with studies 
showing that ClpP reduces KM for wild-type ClpX.4
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We measured kobs values for association of 200 nM ClpP in different concentrations of ATP 
and ADP that totaled 2 mM (Figure 3b). As the ADP concentration increased and ATP 
concentration decreased, the association rate slowed appreciably. For example, 0.5 mM ATP 
plus 1.5 mM ADP supported ClpXP binding, but at a rate ~25-fold slower than observed 
with 2 mM ATP. This decrease in the association rate in the presence of excess ADP 
probably reflects reduced ATP binding, as a result of competitive inhibition, and increased 
ADP occupancy of ClpX subunits.8
Nucleotide dependence of dissociation
To test if ClpXP complexes require the continued presence of nucleotide, we bound ClpP to 
immobilized sc6ClpXΔN-bio in the presence of ATP and transferred the biosensor into ClpP-
free buffer containing ADP, ATP, or ATPγS. ClpXP complexes dissociated with a half-life 
of ~5 s in the presence of ADP but remained stable in ATP or ATPγS (Figure 4a). GFP-
ssrA, a good protein substrate, did not prevent rapid dissociation when ClpXP was 
transferred from ATP into ADP (not shown). For complexes formed with ATPγS, the half-
life after transfer into ClpP-free buffer containing ADP was ~20 s, (Figure 4b). As ClpX 
hydrolyzes ATP more rapidly than ATPγS,4 loss of ATP through faster hydrolysis appears to 
result in faster ClpP dissociation. Indeed, after transfer into nucleotide-free buffer, ATP-
stabilized ClpXP dissociated ~50-times faster than ATPγS-stabilized ClpXP or an ATP-
stabilized ClpXP complex containing ATPase-defective REEREE ClpX (Figure 4c). The 
REEREE complex dissociated with similar kinetics in buffers containing no nucleotide or 
ADP (not shown). By contrast, ATPγS-stabilized ClpXP was more stable in nucleotide-free 
buffer (Figure 4c) than in buffer containing ADP (Figure 4b), suggesting that ADP binding 
to unoccupied ClpX subunits stimulates ATPγS hydrolysis or release.
These results show that ClpX-bound ATP or ATPγS that leaves by dissociation or hydrolysis 
must be replaced to maintain stable ClpXP complexes. When we transferred ATP-stabilized 
complexes into ClpP-free buffer with different concentrations of ATP, rapid dissociation was 
only observed at ATP concentrations of 10 μM or less (Figure 4d). As half-maximal 
assembly required 20-fold higher ATP concentrations, occupancy of a subset of high-affinity 
ClpX sites appears to be sufficient to maintain a kinetically stable complex. This result is 
consistent with experiments that show that different subunits in the ClpX hexamer bind ATP 
with a range of affinities.8 ClpXP complexes transferred into buffer with a 7:1 mixture of 
ADP:ATP (2 mM total) were ~100-fold more kinetically stable than those transferred into 
ADP alone (Figure 4e), suggesting that complexes containing a mixture of ADP-bound and 
ATP-bound ClpX subunits are quite stable.
In ClpP-free buffer containing 2 mM ATP, little dissociation of ClpXP complexes was 
observed over 1000 s when the biosensor was washed twice with fresh buffer, moved into 
buffer containing non-biotinylated sc6ClpXΔN to prevent rebinding of dissociated ClpP, or 
transferred into buffer containing the GFP-ssrA substrate (Figure 4f). Substantially longer 
BLI experiments were not possible because of sample evaporation. Assuming that fewer 
than 5% of ClpXP complexes dissociate in 15 min, the upper limit for the dissociation rate 
constant is ~6•10−5 s−1. Based on this value and an association rate constant of 6.6•105 
M−1s−1, an affinity of ~100 pM or tighter would be predicted for ClpP binding 
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to sc6ClpXΔN-bio. We were unable to obtain reliable equilibrium response values at sub-nM 
ClpP concentrations. A hyperbolic fit of the equilibrium BLI response versus total ClpP 
from 1–20 nM predicted half-maximal binding at ~160 ± 75 pM (Figure 4g), although the 
absence of data below 80% binding make the fit unreliable. Moreover, the fitted half-
maximal value is an upper bound because the amount of sc6ClpXΔN-bio bound to the 
biosensor and thus the free ClpP concentration at half-maximal binding are unknown.
ADEP-induced dissociation
ADEPs bind to the same ClpP clefts as the IGF loops of ClpX.19–21 Notably, even in the 
presence of ATP, addition of 50 μM ADEP-2B caused extremely rapid dissociation of 
ClpXP complexes (Figure 5a), ruling out a strictly competitive model in which ADEPs 
simply prevent ClpX rebinding following spontaneous dissociation. Instead, ADEP-2B must 
bind to the ClpXP complex and actively promote ClpX dissociation, possibly by a 
mechanism that involves transient unbinding of an IGF loop from a ClpP cleft and filling of 
this cleft by ADEP. ADEP-induced dissociation (~1 s half-life) was faster than ADP-induced 
dissociation (~5 s half-life), and 200 nM ADEP-2B promoted similar rates of dissociation 
for ATP-stabilized and ATPγS-stabilized ClpXP complexes (Figure 5b), indicating that ATP 
hydrolysis is not required for ADEP-induced dissociation effect.
ClpXP dissociation rates determined at different ADEP-2B concentrations fit well (R2 = 
0.994) to a hyperbolic equation expected if binding of just one ADEP-2B molecule to an 
appropriate ClpP site causes ClpX dissociation (Figure 5c). By contrast, mechanisms 
requiring binding of two or three ADEP-2Bs to identical and independent ClpP sites predict 
sigmoidal curves that fit more poorly (see Figure 5c legend). Strikingly, ~50 μM ADEP-2B 
was required for 50% stimulation of ClpXP dissociation (Figure 5c), whereas ~200 nM 
ADEP-2B resulted in 50% stimulation of decapeptide cleavage by ClpP alone or 50% 
inhibition of ClpXP assembly (Figure 5d). As discussed below, these results support a 
dynamic-competition model for ADEP-induced dissociation.
Stepwise assembly
Our results show that the ClpXP assembly rate increases linearly with low concentrations of 
ClpP, as expected for a bimolecular reaction,. However, this rate saturates at high ClpP 
concentrations, supporting a model in which the rate-limiting step switches from a 
bimolecular to a unimolecular reaction. For example, single-chain ClpX could initially 
collide with ClpP to form an unstable intermediate in which only one or a few IGF loops in 
the ClpX hexamer interact with ClpP, with docking of the remaining loops becoming the 
rate-limiting unimolecular step in formation of the stable complex at high ClpP 
concentrations. Following assembly, however, ClpXP complexes are extremely stable in 
buffers containing ATP, unless ADEPs are also present. It is possible that these aspects of 
assembly and disassembly might not apply to unlinked ClpXP complexes or be observed 
using assays other than BLI. For example, unlinked ClpXP might be less kinetically stable 
because of ClpX hexamer dissociation, or association might be strictly second-order if ClpX 
was not surface bound.
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Dynamic IGF-cleft interactions
ADEP, a small-molecule antibiotic, binds in the same ClpP clefts as the IGF loops of ClpX, 
and ADEP or ClpX binding opens the axial pore of ClpP.17,19–21,27 Based on these 
observations, we anticipated that ADEPs would be competitive inhibitors of ClpX binding to 
ClpP. However, a strictly competitive model requires dissociation of ClpXP complexes 
before ADEPs can bind and prevent reassociation. By contrast, we find that high ADEP-2B 
concentrations reduce the ClpXP half-life to ~1 s, accelerating dissociation by more than 
104-fold. Moreover, the concentration dependence of ADEP-2B-induced ClpXP dissociation 
suggests that binding of a single ADEP to the ClpXP complex is sufficient to drive 
dissociation. In principle, ADEP binding to an empty cleft on the ClpP ring might drive an 
allosteric conformational change that results in ClpXP dissociation (Figure 6a). However, 
based on differences in affinity, the free energy of ClpP binding by our single-chain ClpX 
hexamer is far more favorable than ADEP-2B binding.28 Thus, it is unlikely that one ADEP-
binding event would be thermodynamically capable of driving the ClpXP complex into a 
conformation that forces rapid ClpX dissociation.
Our results support a “dynamic competition” model in which one ClpX IGF loop transiently 
unbinds a ClpP cleft, allowing an ADEP to bind and accelerate dissociation by preventing 
rebinding of the undocked loop (Figure 6b). By this model, ADEP binding to ClpP clefts 
that are not needed for IGF binding would not promote ClpXP disassembly and thus be 
“invisible” in terms of the concentration dependence of dissociation. Deletion of a single 
IGF loop from the ClpX hexamer impairs ClpP binding modestly.16 Moreover, in a hexamer 
with six loops, steric clashes between a transiently unbound loop and a bound ADEP could 
dramatically destabilize the complex. In the ClpXP complex, the ADEP-binding sites that 
could drive ClpX dissociation would normally be inaccessible because they are occupied by 
IGF loops. Thus, compared to open clefts, high ADEP concentrations would be required to 
bind these transiently unoccupied sites. Consistently, half-maximal ADEP-2B 
concentrations required to accelerate ClpXP dissociation were ~250-fold higher than those 
required to inhibit assembly or stimulate ClpP-pore opening. Isolated IGF peptides bind 
weakly to ClpP,27 and thus transient unbinding of an IGF loop in the complex should have a 
low energy barrier. Despite the dynamic nature of these interactions, tight overall binding 
presumably arises because the six contacts are mutually stabilizing and the high effective 
concentration of IGF loops with respect to ClpP clefts favors rebinding of any undocked 
loop as a consequence of the small entropic cost.
Additional mechanistic implications
IGF-loop flexibility was initially proposed to allow ClpXP docking despite the symmetry 
mismatch between six loops in the ClpX hexamer and seven clefts in a ClpP ring.17 
Consistent with some flexibility, the IGF loops are proteolytically accessible in free ClpX 
and disordered in crystal structures of ClpX ring hexamers.7,18,29 If these loops are truly 
flexible, however, then why is ATP or ATPγS required for detectable binding of ClpX to 
ClpP? ATP binding might stabilize an IGF-loop conformation that allows it to dock 
efficiently with ClpP (Figure 6c). Alternatively, ATP binding might affect the geometry with 
which the six IGF loops are arranged with respect to the clefts on the ClpP ring (Figure 6d), 
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with only some IGF loops in ADP-bound or nucleotide-free ClpX able to engage ClpP 
clefts.
Although each subunit of ClpX has the same sequence, conformational changes create an 
asymmetric hexamer consisting of some subunits that cannot bind nucleotide and others that 
bind ATP/ADP with a range of affinities.7,8,29,30 We find that half-maximal activation of 
ClpP binding by sc6ClpXΔN-bio requires higher ATP concentrations than half-maximal 
activation of ATP hydrolysis, making it likely that more ClpX subunits need to be ATP 
bound for ClpP binding than for ATP hydrolysis. However, concentrations of ATP that 
support less than 5% of the maximal ATP-hydrolysis activity can maintain substantial 
kinetic stability of preformed ClpXP complexes, indicating that occupancy of just high-
affinity ClpX subunits suffices for this activity. ClpX hexamers containing a mixture of ATP-
bound and ADP-bound subunits also bind ClpP with substantial kinetic stability relative to 
the rate of ATP hydrolysis.
ClpX does not hydrolyze ATP using a concerted or strictly sequential mechanism,6 but 
optical-trapping experiments suggest that kinetic bursts of ATP hydrolysis in multiple 
subunits power substrate translocation.12,13 One model to explain these bursts posits that all 
bound ATP is hydrolyzed rapidly with subsequent fast release of Pi and ADP, followed by 
slow rebinding of ATP.12 This model predicts that ClpX would frequently be nucleotide-free 
or have only ADP-bound subunits. Our results allow estimation of an upper limit for the 
fraction of time that ClpXP spends in a nucleotide-free or ADP-bound state (f) during the 
normal ATPase cycle. Specifically, the ClpP dissociation rate constant in the absence of 
nucleotide or presence of ADP (< 0.07 s−1) multiplied by f must be less than the dissociation 
rate constant in the presence of ATP (< 0.00006 s−1). Thus, f must be less than 0.0008. 
Hence, under the conditions of our experiments, ClpXP appears to spend a very small 
fraction of time in an all ADP-bound or nucleotide-free state. ClpX hydrolyzes ATP at a rate 
of ~(1 s−1)•[ClpX] at ATP concentrations of 10−3 M or higher. If ClpX passed through a 
nucleotide-free state during each ATPase cycle, then the rate of ATP binding (ka•[ATP]
[nucleotide-free ClpX]) would be less than (0.01 s−1)•[ClpX] based on a ka value of 1.3•104 
M−1s−1,4 an ATP concentration of 10−3 M, and a nucleotide-free ClpX concentration of 
[f•ClpX]. Because the steady-state rate of ATP hydrolysis cannot be 100-fold faster than the 
rate of ATP binding, we conclude that a nucleotide-free state cannot be an obligatory or even 
common intermediate in the ATPase cycle. As a consequence, we propose that at least one 
subunit in the ClpX hexamer remains ATP-bound during the normal ATPase cycle, with the 
remaining subunits being ATP-bound, ADP-bound, or nucleotide-free depending on 
progress through the cycle. This mechanism would preserve ClpP binding and maintain grip 
on the polypeptide substrate, which is also ATP dependent.31
The degron of a protein substrate is degraded soon after it enters the proteolytic chamber of 
ClpP. If ClpXP dissociated after this event, then the remaining substrate would be released. 
However, with a few notable exceptions, degradation by ClpXP is highly processive even 
though hundreds of ATP-hydrolysis events can be required to degrade a single protein 
substrate.9,32–34 This degree of high processivity is likely to occur because ClpXP 
complexes rarely dissociate, as they spend almost no time in an ATP-free state.
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AAA+ proteolytic machines
The proteolytic complexes of other AAA+ proteases – including ClpAP, ClpCP, HslUV, 
Cdc48•20S, PAN•20S, Mpa•20S, and the 26S proteasome – are also stabilized in an ATP-
dependent fashion by contacts between peripheral peptide or loop elements from each 
subunit of a AAA+ unfolding ring and clefts or grooves on the corresponding self-
compartmentalized peptidase ring.35 Except for HslUV, the assembly of all of these 
machines also involve a symmetry mismatch between a hexameric AAA+ unfolding ring 
and a heptameric protease ring. The functional significance of these mismatches is unknown 
and may simply represent random evolutionary solutions that worked. All AAA+ proteolytic 
machines must cycle through a variety of nucleotide-dependent conformations as they 
mechanically unfold and translocate protein substrates. As a consequence, we suspect that 
the interactions that stabilize these proteolytic machines will also be highly dynamic and 
influence their mechanisms of assembly and disassembly. Consistently, assembly 
chaperones for the 26S proteasomal base, which includes the Rpt1–6 AAA+ ring, can drive 
its dissociation from the 20S peptidase.36
METHODS
Proteins
The sc6ClpXΔN-bio pseudohexamer was expressed from plasmid pACYC and contained an 
N-terminal FLAG tag (MADYKDDDDKHM); six E. coli ClpXΔN subunits (with C169S and 
K408E substitutions) connected by the sequences GGGTSG, GGTSSG, GGSSSG, 
GGSAGS, and GGGSSG, respectively; an AAAGLNDIFEAQKIEWH biotin acceptor 
peptide;37 and a TEV-H6 tag (ENLYFQSHHHHHH) at the C-terminus. As judged by the 
fraction of purified protein that bound to streptavidin, ~50% of the ClpX pseudohexamer 
was biotinylated in vivo. To prevent ATP hydrolysis, the REEREE sc6ClpXΔN-bio variant 
contained the R270K sensor-II mutation in subunits 1 and 4 and the E185Q Walker-B 
mutation in subunits 2, 3, 5, and 6.5,6,30 E. coli ClpP was expressed from pET-22b (EMD 
Millipore), contained the C91V and C113A substitutions, and had a TEV-His6 tag at the C-
terminus. Both sc6ClpXΔN-bio and ClpP were purified from E. coli ER2566 cells (New 
England Biolabs) transformed with plasmids containing the appropriate gene under T7-
promoter control. Cells were initially grown to an OD600 of ~0.7 at 37 °C in media 
containing 13 g L−1 peptone, 7.5 g L−1 yeast extract, and 5 g L−1 NaCl. At this time, 1 mM 
isopropyl β-D-1-thiogalactopyranoside (Teknova) was added and growth was continued for 
4 h at room temperature. Harvested cells were resuspended in lysis buffer (20 mM HEPES, 
pH 7.5, 400 mM NaCl, 100 mM KCl, 20 mM imidazole, and 10% glycerol (v/v)), lysed by 
sonication, centrifuged at 12,000 rpm in a Sorvall SA-600 rotor, and the supernatant was 
incubated with Ni-NTA agarose beads (Thermo Fisher Scientific) for 1 h. The beads were 
transferred to a gravity column, washed with 5 volumes of lysis buffer, and sc6ClpXΔN-bio 
or ClpP protein was eluted with five 1-mL aliquots of lysis buffer plus 300 mM imidazole. 
Fractions containing protein were pooled and desalted into column buffer (25 mM HEPES, 
pH 7.5, 50 mM KCl, 10% glycerol) using a PD-10 column (GE Healthcare). Both proteins 
were further purified by MonoQ ion-exchange chromatography and Superdex-200 gel-
filtration chromatography (GE Healthcare) as described.16 Prior to Mono-Q, the H6 tag on 
the ClpP-TEV-H6 construct was removed by digestion with TEV protease, followed by 
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passage through Ni-NTA agarose to remove any H6-tagged protein. Superdex-200 fractions 
containing purified sc6ClpXΔN-bio or ClpP were pooled and stored frozen at 
−80 °C. sc6ClpXΔN-bio concentrations were calculated for the pseudohexamer; ClpP 
concentrations were calculated in heptamer equivalents, the unit that binds a ClpX hexamer.
Assays
Assays were performed at 30 °C in a buffer containing 25 mM HEPES (pH 7.5), 100 mM 
KCl, 10 mM MgCl2, 10% glycerol, 0.05% TWEEN-20 (EMD Millipore), supplemented as 
necessary with ATP (Sigma-Aldrich), ATPγS (Roche), or ADP (Sigma-Aldrich). ADEP-2B 
was synthesized as described,28 and experiments using it contained 5% (v/v) 
dimethylsulfoxide (Alfa Aesar), which decreased the ClpXP association rate ~3-fold. BLI 
experiments were performed using an Octet RED96 instrument (ForteBio), 96-well plates 
(Greiner), and a sampling rate of 5 Hz. For most binding and kinetic 
experiments, sc6ClpXΔN-bio (20 nM) was loaded onto streptavidin biosensors to a BLI 
response of ~0.5 nm in the absence of nucleotide. In control experiments, the kinetics of 
ClpP binding were the same whether ATP was added after or simultaneously 
with sc6ClpXΔN-bio loading. For each set of experiments, a control sensor with 
bound sc6ClpXΔN-bio, under otherwise identical conditions, was transferred into buffer with 
no ClpP to determine the baseline and drift. Rates of ATP hydrolysis by sc6ClpXΔN-bio (200 
nM) without or with ClpP (1 μM) were determined at different concentrations of ATP using 
a coupled assay.38
Data analysis
Kinetic trajectories were fit to single- or double-exponential functions using non-linear-
least-squares algorithms implemented in Prism (GraphPad Software) or KaleidaGraph 
(Synergy Software). Trajectories were initially fit to a single-exponential function and were 
subsequently truncated to ~6 half-lives based on the estimated rate constant. Trajectories 
longer than 10 s were decimated to 0.5 Hz. The dependence of binding or kinetics on ClpP 
concentration, ATP concentration, or ADEP-2B concentration was fitted to appropriate 
equations using Prism or KaleidaGraph.
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Figure 1. 
The ClpXP protease. a) Side view of ClpXP degrading a substrate (green). A ClpX hexamer 
(blue) recognizes, unfolds, and translocates protein substrates into the degradation chamber 
of ClpP (dark orange), which consists of two heptameric rings. ClpXP is principally 
stabilized by interactions between the IGF loops of ClpX and hydrophobic clefts on each 
ClpP ring. b) Axial view of a ClpX homohexameric ring and a ClpP homoheptameric ring, 
highlighting the interaction elements. c) Chemical structure of ADEP-2B.21,28 The portion 
thought to mimic binding of an IGF tripeptide is colored purple. d) sc6ClpXΔN-bio is a 
single-chain pseudohexamer in which the ClpXΔN subunits are linked by six-residue tethers. 
The protein contains an N-terminal FLAG tag and a C-terminal sequence consisting of a 
biotin acceptor peptide (BAP), a cleavage site for Tobacco Etch Virus protease (TEV), and 
six histidines (H6).
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Figure 2. 
Association of ClpP with sc6ClpXΔN-bio assayed by BLI. a) A streptavidin-coated BLI 
biosensor was incubated sequentially with buffer, buffer plus 20 nM sc6ClpXΔN-bio, buffer 
plus 2 mM ATP, buffer plus 200 nM ClpP and 2 mM ATP, and buffer plus 2 mM ATP. b) 
BLI trajectories showing that ClpP binding to sc6ClpXΔN-bio occurs with similar kinetics in 
the presence of ATP or ATPγS (2 mM each). Binding was not observed with 2 mM ADP or 
no nucleotide. Individual trajectories are offset to allow comparisons. c) Residuals of single-
exponential and/or double-exponential fits for association trajectories obtained using ClpP 
concentrations of 0.5 or 500 nM. d) For ClpP concentrations of 200 nM or less, rate 
constants from single-exponential fits of ClpP association trajectories (kobs) varied linearly 
with ClpP, with a slope corresponding to the second-order association rate constant. e) 
Variation of the rate constants from double-exponential fits for ClpP concentrations of 500 
nM or higher. The curves are fits to a hyperbolic equation. For kobs-1 (amplitude ~70%), the 
maximal rate was 22 ± 7 s−1 with a half-maximal concentration of ~35 μM ClpP heptamer. 
For kobs-2 (amplitude ~30%), the maximal rate was 0.54 ± 0.2 s−1 with a half-maximal 
concentration of ~2 μM ClpP heptamer.
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Figure 3. 
Nucleotide dependence of ClpP association. a) Graphs showing normalized sc6ClpXΔN-bio 
ATP-hydrolysis activity and normalized ClpP association rate constants (obtained using 200 
nM ClpP) as a function of ATP concentration. The curves are fits to a Hill equation (Y = 
[ATP]n/(Kappn + [ATP]n). For ATP hydrolysis, the fitted values of Kapp and n were 42 ± 3 
μM and 2.4 ± 0.3, respectively. For assembly, these fitted values were 100 ± 2 μM and 2.1 
± 0.06, respectively. Maximal fitted values prior to normalization were 73 ± 1 min−1 enz−1 
for ATP hydrolysis and 0.138 ± 0.001 s−1 for kobs. b) Variation of kobs for 200 nM ClpP 
association with the fraction of ATP in mixtures with ADP (2 mM total nucleotide).
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Figure 4. 
Dissociation and equilibrium stability of ClpXP complexes. a) Complexes were assembled 
with sc6ClpXΔN-bio bound to the biosensor, 200 nM ClpP, and 2 mM ATP. At time zero, the 
biosensor was moved into ClpP-free buffer containing 2 mM ADP, 2 mM ATP, or 2 mM 
ATPγS. The trajectories have been offset vertically, but all start at the same BLI value ± 5%. 
b) The same experiment as shown in panel A, except ClpXP complexes were assembled in 
the presence of 2 mM ATPγS. c) Dissociation kinetics after transfer into buffer without 
nucleotide for ClpP complexes assembled with ATPase-active sc6ClpXΔN-bio and ATP 
(bottom curve), ATPase-active sc6ClpXΔN-bio and ATPγS (middle curve) or a ATP-
hydrolysis defective REEREE sc6ClpXΔN-bio variant and ATP (top curve). d) Complexes 
were assembled with ATP as in panel a and then transferred into ClpP-free buffer containing 
different concentrations of ATP. Dissociation rate constants were calculated from single-
exponential fits and plotted as a function of the ATP concentration. The line is a fit to the 
Hill equation. e) Half-lives of ClpXP complexes assembled in ATP following transfer into 
buffer containing 100% ADP (2 mM) or 87.5% ADP (1.75 mM ADP; 0.25 mM ATP). (f) 
BLI trajectories showing that ClpXP complexes are stable for long periods in ClpP-free 
buffer containing 2 mM ATP, 2 mM ATP and unbiotinylated sc6ClpXΔN (1 μM), or 2 mM 
ATP and GFP-ssrA (20 μM). g) Equilibrium BLI response for sc6ClpXΔN-bio binding as a 
function of total ClpP concentration. The fitted curve is a hyperbolic equation with half-
maximal binding at a total ClpP concentration of 160 ± 75 pM.
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Figure 5. 
ADEP effects. a) BLI trajectories following transfer of ATP-stabilized ClpXP into ClpP-free 
buffer containing 2 mM ATP without or with 50 μM ADEP-2B. b) BLI trajectories 
following transfer of ATP-stabilized ClpXP into ClpP-free buffer containing 200 nM 
ADEP-2B and 2 mM ATP or ATPγS. c) ADEP-2B stimulation of dissociation. ATP-
stabilized ClpXP was transferred into ClpP-free buffer containing 2 mM ATP and different 
ADEP-2B concentrations, and dissociation rate constants were determined by single-
exponential fits. The line is a hyperbolic fit (R2 = 0.994) with values of 2.0 ± 0.13 s−1 for the 
maximum rate and 50 ± 7 μM for half-maximal stimulation. Sigmoidal equations for 
mechanisms involving two ADEPs (α2/(1+2α+α2); α = [ADEP]/Kμ; R2 = 0.971) or three 
ADEPs (α3/(1+3α+3α2+α3); R2 = 0.958) gave poorer fits. d) (top) ADEP-2B stimulation of 
decapeptide cleavage of 25 nM ClpP. The line is a hyperbolic fit (R2 = 0.995) with half-
maximal inhibition at a total concentration of 240 ± 26 nM. (bottom) ADEP-2B inhibition of 
association of 200 nM ClpP. The line is a hyperbolic fit (R2 = 0.981) with half-maximal 
inhibition at a total concentration of 167 ± 20 nM.
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Figure 6. 
Models for small-molecule control of complex stability. a) ADEP binding to an empty ClpP 
cleft allosterically stabilizes a conformation from which ClpX rapidly dissociates. For 
simplicity, only a subset of IGF loops in ClpX and clefts in each ring of ClpP are shown. b) 
ADEP binding to a ClpP cleft transiently unoccupied by an IGF loop prevents re-docking 
and stimulates dissociation. c) ATP binding to the ClpX hexamer stabilizes a conformation 
of the IGF loops that binds the ClpP clefts more efficiently. d) ATP binding to the ClpX 
hexamer positions the IGF loops to interact optimally with ClpP.
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